Study of subminiature total temperature probes  Final report, 25 Jun. 1965 - 25 Mar. 1966 by Larson, R. E. & Hanson, A. R.
Prepa red  by: 
FINAL REPORT 
ON 
STUDY OF SUBMINIATURE 
TOTAL TEMPERATURE PROBES 
F o r  Per iod 25 June 1965 - 25 March 1966 
Contract No. NAS8-20204 
Prepared for:  
George C. Marshall Space Flight Center 
National Aeronautics and Space Administration 
Huntsville, Alabama 35812 
R. E. Larson 
A. R. Hanson 
Report No. 2980 
Date: 7 June 1966 
Pro jec t  No. 57010 
Submitted by : 
Heat Transfer  and 
Fluid Mechanics 
/ Vice President,  Research 
APPLIED SCIENCE DIVISION 
Litton Systems, lnc. 
2003 Eas t  Hennepin Avenue 
Minneapolis, Minnesota 55413 
https://ntrs.nasa.gov/search.jsp?R=19660022094 2020-03-16T20:41:50+00:00Z
ACKNOWLEDGMENTS 
The authors wish to thank Mr .  Herbert  Bush, Pro jec t  
Monitor f o r  the George C. Marshall Space Flight Center,  for  
his assis tance and cooperation during the past  year.  
a lso wish to thank Litton ASD personnel for  consultation and 
contributions to this study, especially Mr.  L. T. Banner who 
was the Project  Engineer during the first phase of the pro-  
gram,  Mr .  w. w. Roepke who developed and perfected the 
probe fabrication techniques, and Mr.  A. R .  Kydd who 
assis ted in the experiments. In addition, we wish to acknow- 
ledge the contributions of Messrs .  S .  T. Vick, J. Spons and 
R. Dirksen of the University of Minnesota Aero-Hypersonic 
Laboratory, for  their assistance in the preparation of the tes t  
facility and in carrying out the measurements.  
They 
i i  
ABSTRACT 
This is the final report  of r e sea rch  on subminiature 
total# temperature probes. It summarizes  the development 
and fabrication of severa l  types of small total, temperature 
probes,  and presents  calibration resul ts  obtained for  these 
probes in the wind# tunnel probe -calibration facilities . 
The objective of the study was to develop subminiature 
totals temperature probes which could be utilized in various 
boundary. layer studies, to be car r ied  out in tes t  facilities a t  
the George C. Marshall  Space Flight Center. The attainment 
of small size and the development of the special fabrication 
techniques required for  these small probes were considered 
m o r e  important than satisfying a n  absolute accuracy require- 
ment.  
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FINAL REPORT 
O N  
STUDY OF SUBMINIATURE 
TOTAL TEMPERATURE PROBES 
I. INTRODUCTION 
The general  objective of this study was to develop subminiature 
total+temperature probes, which could be utilized in various boundary S 
layer studies now being car r ied  out in tes t  facilities a t  the George C. 
Marshal l  Space Flight Center. 
o rder  of 1/32 inch 0. D. or  smaller)  a r e  not presently available com- 
mercially,  so new fabrication techniques had to be developed. 
Probes of the required s ize  (of the 
The attainment of high temperatureprecovery factors,  over a 
range of f r ees t r eam conditions, requires close control of the internal 4 
flow character is t ics  of the probe. The sensing element must  be ca re -  
fully designed to minimize conduction e r r o r s ,  and efficient radiation 
shielding is required to reduce radiant heat losses .  In generals these 
necessary design features a r e  not compatible with small  size,  so 
simultaneous optimization of these conflicting requirements was 
required.  
There exists a large body of l i terature  related to totalgtemperature 
measuring probes. 
of-the-art", and References 3 ,  9 and 10 were especially pertinent to 
the present  study. 
significance. is that the optimization of probe performance requires 
careful  design, and becomes increasingly difficult as the probe size 
is decreased. 
References 1 through 10 well represent  the "state- 
What emerges f rom the l i terature  as of particular 
- 1 -  
I 
This program was a cooperative effort between the Litton Applied 
Science Division (ASD) and the University of Minnesota Aero-  
Hypersonic Laboratory (AHL). 
tes ts  were performed in the ASD free-jet  wind tunnel, while the low@ 
pres su re  tes t s  were performed in the AHL facility, which discharged 
into a vacuum chamber. 
The highepressure probe calibration 
All  probe configurations tested had a single radiation shield, and 
the s izes  var ied f rom 0 .028  to 0.013 inch 0. D. Both beaded and lap- 
welded thermocouplepjunction configurations were utilized, with wire 
diameters  f rom 0.0005 to 0.0015 inch. 
tic drawings of the three major probe configurations tested. 
Shown in Figure 1 are schema- 
The present studies indicate that i t  is possible to build a very  
small total$ temperature probe, having a good recovery factor.  How- 
ever , fabrication procedures must be carefully controlled, as smal l  
deviations f rom the desired configuration resul t  in considerable var ia-  
tions in the probe performance. A negative, though predictable finding, 
is that these small probes a r e  extremely sensitive to d i r t  particles 
entrained in the flow, Rapid degradation of the probe, performance 
character is t ics  re& when the thermocouple sensing element i s  
sandblasted too severely o r  is forced into contact with the probe 
case.  
art",  but modified and improved versions evolved f rom analysis of the 
ea r ly  tes t  data. 
The initial probe design was based on the present "state-of-the- 
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1 . 
11. EXPERIMENTAL EQUIPMENT AND TECHNIQUES 
A .  Probe Calibration Facilities 
1. Test  Facil i tv a t  the Universitv of Minnesota 
The probetcalibration channel is connected to the p re s su re  and 
vacuum components of the large wind tunnel system. This facility 
consists of a storage-type heater and a smal l  enclosed free- je t  wind 
tunnel, mounted within a gas-fired furnace. 
showing an overall  view of the facility and associated components. 
Stainless s teel  one-inch exit-diameter nozzles, a t  Mach 1, 3 and 5, 
were utilized for these measurements.  The miniature total 3 
temperature probes were mounted a t  the nozzle exit. 
components a r e  showninFigure 3,  and Figure 4 is a photograph of a 
probe installed in  the test  section. 
steel ,  and the components were assembled with high-temperature 
s i lver  solder. Because of the small  nozzle size, near continuous 
operation is possible over a wide range of stagnation temperatures  
and p res su res .  
pi 
Figure 2 i s  a photograph 
The test-section 
All par t s  were made of stainless 
This tunnel has  a maximum stagnation pressure  capability of 
600 psig, and can produce stagnation temperatures a s  high a s  1200°F. 
Coarse  control of the stagnation pressure  is provided by a 6-inch 
butterfly valve, and fine control by  a smaller  valve connected in 
paral le l .  
with control of the nozzle exitppressure provided by a gate valve. 
The exit of the tunnel is connected to the vacuum system, 
Figure 5 is a photograph of the storage heater,  comprised of four 
pipes mounted inside the furnace, which a r e  filled with 1 /4-inch- 
diameter  spheres of a pure grade of aluminum oxide. 
- 4 -  
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I -  
work. 
stagnationgpressure readings. 
caused by the "blind" end of the tunnel acting as a resonant tube, a 
During the initial cold runs, fluctuations were observed in the 
At first it was thought that these were 
I A s  these small thermocouple probes a r e  extremely sensitive to 
d i r t  par t ic les  entrained in the flow, a special  f i l ter  assembly was 
designed and fabricated f o r  use with this facility. The f i l ter  assembly 
consists of Poroloy stainless s teel  woven mesh,  which has  an  effective 
pore size of 5 to 10 microns.  
straightening and turbulence-damping components which consist  of 
five units of variable porosity. 
are made of various porosity stainless s teel  plates, and the last two 
units are made of wire  mesh  mater ia l ,  as shown in Figure 6 .  
of the wind tunnel assembly is shown in Figure 7 .  
Following the filter are flow- 
The first  three units of this assembly 
A view 
I 
The reference stagnation tem era ture  was measured with a 
forced-aspirated chromel-alumel probe mounted upstream of the 
nozzle. 
inch thermocouple wire  which provided a rapid response to changing 
temperatures .  
I p  
The thermocouple$ junction was made of lap-welded 0.002- 
- 9 -  
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stagnation; temperature is reduced as the stagnationppressure is 
increased. 
is quite small .  
In addition, i t  can be seen that the influence of temperature  
2. Test  Facility At Litton 
In the AHL. calibration facility, the windetunnel tes t  section and 
f i l ter  assembly a r e  located within the heater.  
of "soaking" during the heating period, the temperature of the tunnel 
walls r i s e s  considerably above ambient temperature.  
which tends to reduce the radiative heatgloss f rom the probe. 
this reason, i t  was decided to c a r r y  out some tes ts  in the ASD wind4 
tunnel facility which has a free-jet nozzle exhausting to the atmo- 
sphere.  
After a cer ta in  amount 
This is an effect 
F o r  
This high-temperature, high-pressure wind tunnel facility has a 
f ree- je t  configuration with a nozzle exitrdiameter of 1 inch. Stain- 
l e s s  s teel  conical nozzles, producing Mach numbers of 1.5, 2 .0 ,  2.5, 
3 .  0 and 3. 5, a r e  included with this facility, a s  shown in Figure 9 .  It 
is designed to operate a t  stagnation; temperatures to 1500"F.at a 
stagnationr pressure  of 1500 psig. During operation, a i r  flows f r o m  
the tanks through a manual control v d v e ,  and ;n:o the cyl'indrical 
heat exchanger where it is heated to the stagnation8temperature 
desired.  
the tes t  section. 
temperature  a r e  measured in a stilling ch2mmber upstream of the 
supersonic nozzle. 
while controlling the airflow rate  to the system, and the temperature 
is recorded on instruments shown in Figure 10. A f i l ter  assembly 
similar to that in the AHL tunnel is shown in Figure 11. 
The gas is then expanded through the supersonic nozzle into 
The wind tunnel stagnationgpressure and stagnation .$ 
The tunnel operator reads the stagnation ,p re s su re ,  
~= 13 - 
Figure 9. Litton ASD Wind Tunnel Facil i ty 
Figure 10. W i n d  Tunnel Instrumentation 
-lL!+ 

The heateexchanger consists of a cylindrical p ressure ivesse l f  
with a 2-inch-thick insulation on the inside. 
tem by using small  aluminum2 oxide pebbles (0. 1-inch-diameter), 
forming a 7-inch-diameter bed 46 &nches long. The wind tunnel 
running time var ies  f rom 5 to 15 seconds, depending on the stagnation- 
p re s su re  utilized. 
it would be advantageous to reduce the nozzle diameter to approxi- 
mately 3 /8 inch, increasing the running t imes considerably. 
Heat is stored in the sys-  
If further probe calibrations should be performed, 
A mechanism for  rapid insertion of the total$ temperature probes 
into the airstream after  the flow had been stabilized was designed 
and fabricated. This device is 
a lso utilized to withdraw the probe before the flow breaks down. In 
addition to protecting the probe f r o m  the stopping and start ing loads, 
this technique allows a convenient measurements  of probe +response 
time for  each tes t  condition. Our measurement  accuracy was not 
compromised by the short  running;times, because the probes have 
responseCtimes of the order  of 0.1 second. 
This component is  shown in Figure 12.  
B. Instrumentation 
1. Temperature 
Both the probe and the stillingkchamber stagnation$ temperature 
were measured on a Brown self-balancing s t r ip  char t  recorder  
which had been carefully calibrated. 
pera ture  data were measured with a manually-balanced potentiometer, 
but it was found that better accuracy and repeatability could be obtained, 
if the more  rapidly responding self-balancing recorder  were utilized, 
A precision (thermocouple,rgrade) knife switch was utilized to connect 
the two different thermocouple outputs to the recorder .  
During the ear ly  runs,  the tem- 
- 16 - 
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2.  P r e s s u r e  
The tunnel stagnation pressures  were measured with a Heise 
p re s su re  gauge. Downstream vacuum and the nozzle exit static+ 
p res su re  were measured on a conventional mercury  manometer board. 
P 
C. Tes t  Procedure 
The following test procedure was utilized at both ASD and AHL. 
F i r s t  the storage bed was heated to the appropriate temperature range, 
with the bed temperature monitored by several  thermocouples at 
strategic locations. During some of the high stagnation. pressure  runs, 
the storage heaters  both a t  ASD and at AHL were not able to provide a 
constant stagnation- temperature. Thus, during each run there was a 
slight change in this value; so the procedure was to s t a r t  a t  the high 
stagnationppressure values and reduce the p re s su re  by small  amounts -5, 
to acquire a s e r i e s  of data points over the complete stagnationrpressure 
range, a t  the same stagnation+temperature. After the stagnation3 
p res su re  had been stabilized at  each value, the procedure was to 
record  the tunfie1 stagnation; temperature, switch to the temperature 
probe, and then switch back to the tunnel stagnationFtemperature 
reading. Thus, a stagnation temperature average, before and after 
the recording of the temperature,  probe readings, was obtained. F o r  
most  of the runs,  the temperature difference before arid af ter  the 
probe reading was of the order  of one o r  two degrees  Fahrenheit, 
Data then were takens starting at the lowest s tagnat ionqressure  and 
increasing to the higher values. 
D. Discussion of Probe Errors 
The sources  of e r r o r s  which can influence the reading of a totalfi Y 
temperature  probe can be grouped into three categories: 
- 18 - 
I 
1. Radiation E r r o r  
Whenever a difference in temperature exists between the sensing 
element and its surroundings a certain amount of heat can be t rans-  
f e r r ed  to o r  f rom the junction, depending upon the relative magnitude 
of the temperatures.  
radiation interchange factor between the sensing element and the sur -  
roundings. A convenient way to accomplish th's, is to provide one o r  
more  radiation shields around the sensing element. Desirable charac - 
t e r i s t ics  of such shields are small thermal masses  and high reflec- 
tivities (i. e. low emissivities). 
the same e r r o r s  that affect the junction i tself ,  but by control of the 
airflow over the various shields the radiation loss  can be made almost 
negligible. 
This e r r o r  can be reduced by a control of the 
These shields a r e  a lso influenced by 
2. Conduction E r r o r  
If a temperature gradient exists between the sensing element and 
the lead wi re s  a 
This e r r o r  can be reduced with smallidiameter wires ,  which have less  
capacity to conduct heat away from the junction, and by the elimination 
of any large thermal masses which can draw heat away. 
substantial amount of heat can be lost  by conduction. 
3 .  Compressibility Error 
If the flow velocity over the junction is large enough so that com- P 
pressibil i ty effects occur9 the sensing element will reach a tempera- 
t u re  which is smal le r  than the f rees t ream total temperature.  
effect can be considered as an "efficiency factor" in converting energy 
of directed motion to energy of random motion. 
conduction heat losses  a r e  reduced to zero ,  the sensing element will 
indicate a recovery#temperature which is a function of Mach number 
and the configuration of the sensing element. 
This 
If the radiation and 
- 19 - 
An important parameter  which controls the amount of heat o r  
energy t ransferred to the sensing element is the ratio of vent hole 
a r e a  to  entrance a rea .  
is usually best  that the probe lip shock is not swallowed but remains 
in front of the probe. The flow is then decelerated adiabatically, and 
added improvement can be made by fur ther  reducing the velocity 
through the addition of a constant a rea  channel ahead of the sensing 
element . 
In probes designed for  supersonic s t reams it 
F o r  the small  probes desired for the present application no 
attempts were made to provide multiple shielding o r  to t r y  to study 
the effects of various entrance o r  vent hole a reas .  
effort was the development of an extremely small  probe which could 
withstand high temperatures  and pressures  and also have a reasona- 
ble recovery factor and response characterist ics.  
Rather,  the major  
In summary,  it can be stated that attainment of a probe which 
essentially reads the total temperature of the f rees t ream requires 
that the heat t ransferred to the wire by forced convection be much 
l a rge r  than that taken away by radiation and conduction. 
- 20 - 
111, PROBE DESIGN AND FABRICATION 
Referring to Figure 1, the small  size of the probes is readily 
apparent. Special fabrication techniques had to be developed, and fane 
control of the assembly procedure was  necessary  to  insure like per -  
formance of probes of the same configuration. 
utilized a r e  much too detailed to be described here ;  therefore,  only a 
brief description of each probe configuration wi l l  be presented. 
The procedures 
The micro-welding operations were performed with a Unitek 
Weldomatic spot welderp with the probe components positioned and 
held by two Emerson  micromanipulators. All  assembly operations 
were  observed with a Bausch and Lomb s t e reo  zoom microscope. 
Several  probes were assembled f rom pa r t s  and drawings fur -  
nished by the George C. Marshall  Space Flight Center. Photographs 
of these probes a r e  shown in Figures 13, 14 and 15. 
is made of 0. 028-inch 0. D. hypodermic tubing. The sensing element 
is a commercially available mic ro-miniature thermocouple assembly, 
having a sheath diameter  of 0.015 inch. 
sensing element is made of 0.0005-inch- diameter  chromrl-zlumel 
wire.  Two slots cut into the t ip of the outer sheath serve  a s  vent- 
holes for self aspiration. 
The outer casing 
The bead thermocouple 
Two other probes of the same configuration were fabricated having 
a copper constantanbbead junction assembly. The basic fea tures  of 
this probe a r e  shown in Figure 1. 
The smallest  temperature  probe configuration utilized was housed 
in 0.013-inch 0. D. hypodermic tubing. The lap junction was made of 
chromel-alumel  wire,  and the leads were inserted into a 0. 0028-inch- 
diameter  quartz tube to  prevent short  c i rcui ts  ( see  Figures  16 and 1 7 )  
Several  junction configurations were utilized for  this probe, In addi- 
tion to a 1/2-mil junction, several  probes were made ut+HieSng 1-mil 
- 21 - 
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Figure 1 3 .  Partially Assembled Probe (large configuration) 
Figure 14. Completed Probes 
Figure 15. Micro-photograph Showing Thermocouple Junction 
-22- 
Figure 16. Micro-photograph Showing Thermocouple Junction 
Details (small  configuration) 
3 0  
I I t 
0 20 
Figure 17. Micro-photograph of Completed Probe 
(7OX) 
-23- 
thermocouple wire, and a third type was made with commercial  1-mil- 
diameter beaded1 thermocouple junctions, supplied by Omego Engi- 
neering Corporation. 
in Figure 1. 
A drawing of this probe configuration is shown 
Another probe configuration that was not a s  small, but was eas ie r  
to fabricate,  was housed in 0. 018-inch-diameter stainless-steel  
hypodermic tubing. 
commercially available Xactpak shielded chromel-alumel thermo- 
couple wire obtained f rom the Gordon Co. 
0. D. inconel sheath, and the thermocouple wires a r e  0.0015-inch- 
diameter,  separated by magnesium oxide insulating material. The 
junction location with respect to the probe leading edge and venting 
holes$is s imilar  to the ear l ie r  configurations, a s  shown in Figure 1. 
The inner thermocouple assembly was made of 
It has an outer 0. 010-inch 
- 24 - 
. 
IV. DISCUSSION OF RESULTS 
I 
Several  totalf temperature  probe configurations were  calibrated,  in 
the AHL calibration tunnel, and in the ASD facility. 
are grouped into three major  configurations, r e f e r r ed  to a s  "small", 
"medium", and "large". 
probe recovery$factor U. 
separa tes  data f o r  the various Mach numbers and allows multiple 
presentation of resu l t s  in  a single plot. The definition utilized is 
All of the probes 
The data a r e  presented in the fo rm of a 
This is a convenient representation ,which 
where T is the probe recovery temperature,  T is the wind-tunnel 
total temperature ,  and Too is the f r ees t r eam static temperature  (a 
function of the totale temperature and f r ees t r eam Mach number).  
data are  plotted as a function of unit Reynolds number Re '  which is 
evaluated a t  conditions behind the normal shock wave ahead of the 
probe. 
0 0 
The 
Shown in Figure 18 a r e  calibration data for the large probe con- 
figuration which was fabricated according to a George C, Marshall  
Space Flight Center design. 
probes a t  supersonic Mach numbers of 1, 3 and 5 ,over a stagnation- 
p r e s s u r e  range of 0 to 500 psig, while varying the f r ees t r eam total- 
temperature  to a maximum value of 1100°F. However, sandblasting 
problems were encountered in both wind tunnel faci l i t ies ,  so in  most  
c a s e s  ,it was not possible to obtain a complete calibration before a 
probe was damaged. However, this problem was solved during the 
la te r  phases of the program, when the smal le r  improved probe con- 
figurations were tested and data over the complete range were 
obtained. 
The initial plan was to calibrate a l l  
- 25 - 
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Presented in the figure a r e  calibration data for  probes 1 and 3 .  
Probe  1 was calibrated a t  Mach 5 a n d  stagnarion temperatures  
varying f rom 500°F to 1100"F, while probe 3 was tested only a t  
Mach 3 ,  and stagnationftemperatures of 300°F and 400°F. As shown 
in the figure, slight changes in performancep because of the variation 
of total temperature ,  a r e  noted, although no repeatable o r  systematic 
trends a r e  evident. The apparently la rge  separation between the two 
se ts  of data is caused by the non-dimensional representation of probe 
recovery-factor,  which is a function of the f r ees t r eam Mach number. 
An unexpected and unexplained drop in the probe recovery-fsctor 
a t  the higher Reynolds numbers was f i r s t  detected when utilizing this 
probe. 
the effects of variation of the size of the aspirating passages o r  junc- 
tion placement with respect  t o  the probe opening, so it is possible that 
this behavior is representative of the small  types of probes being 
utilized. Because of the small probe s izes  it is also quite possible 
that sl ip flow conditions are  being approached. 
the smal les t  probe configuration tested. 
should be studied fur ther  before any definite conclusions a r e  drawn. 
Sufficient t ime was not available to make a detailed study of 
It is especially t rue  of 
W e  feel  that this behavior 
Data for  two of the small probe configurations a r e  presented in 
The upper portion of the f igure shows data for  probes 9 F igure  19. 
and 10,et  a f r ees t r eam Mach number of 5,and a stagnation 
temperature  of 600°F. 
of these probes,  to make them a s  nearly alike a s  possible, to mini- 
mize  the effects of variations in configuration, These data indicate 
that it is possible to utilize a very smal l  probe design and obtain 
similar performance fo r  different probes.  The lower portion of the 
f igure  presents  data for probe 9, a t  a f r e e s t r e a m  Mach number of 3 . 
and stagnation$ temperatures  of 300'F and 400°F.  
of tempera ture  is noted. 
Extreme care  was taken during the fabrication 
A discernible effect 
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Figure 19. Calibration of Small Total Temperature 
Probes  ( N o .  9 and No. 10 )  
A more  complete calibration for the smal l  probe configuration is 
presented in  Figure 20. These data were obtained at Mach 1, 3 ,  and 5 
over a stagnation temperature  range of 500°F to 1100°F. 
changes in probe performance were noted for  the different junction 
configurations. 
t e red  it was through that an  increase in  the junction s ize  f r o m  1 /2  mil 
to  1 mi l  would reduce the probe mortali ty rate. 
airflow in  both tunnels was cleaned no changes in  probe fai lure  ra tes  
were noted. 
higher Reynolds numbers is again noted at all Mach numbers.  
slight upward t rend at the lower Reynolds number is caused by opera-  
tion near  flow-breakdown conditions. 
Only smal l  
When the sandblasting problems were  f i r s t  encoun- 
However, af ter  the 
A slight downward trend in the recovery factor at the 
The 
Calibration data for  the medium probe configuration a r e  shown in 
These data show a pronounced drop in  the recovery factor Figure 21. 
at the higher Reynolds numbers.  
configuration a r e  shown in Figure 2 2 ,  for  probe 17. 
Additional data for  this same probe 
Data obtained in the ASD calibration facility a r e  essentially in 
agreement  with the AHL data, although slightly higher recovery 
fac tors  were obtained. 
ting at lower p r e s s u r e s ,  where most of the interesting effects take 
place,  because of lack of a vacuum capability. 
utilized to isolate any possible effects of the wind tunnel wails in  the 
AHL enclosed tes t  section. In addition, because of its higher p re s su re  
capability, the mechanical performance of the probe was studied. 
With the improved fi l ter  design it w a s  shown that all of the probe 
configurations tes ted in the ASD facility would perform satisfactorily 
at stagnation p res su res  to  500 psig and stagnation tempera tures  to 
1100°F. Over this stagnation pressure  range a recovery factor of 
about 0. 98 was obtained for  all probes. 
This tunnel does not have provision for  opera- 
This tunnel was mainly 
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V. SUMMARY AND CONCLUSIONS 
A nine-month program to design, fabricate,  and calibrate sub- 
miniature total temperature  probes has recently been completed for  
the George C. Marshall  Space Flight Center. F o r  these probes small  
size was considered more  important than a very  high recovery factor ,  
and a large amount of the effort was directed toward the development 
of fabrication techniques f o r  these extremely small  probes. 
probes tested had a single radiation shield of stainless s teel ,  and no 
attempts were  made to provide multiple shielding. During this pro-  
g r a m  the following tasks  were  accomplished: 
All of the 
1 )  A study was made of the l i terature pertaining to total 
temperature  probes in general. No mention could be 
found of any probes approaching the size required. 
Various fabrication techniques and assembly proce - 
dures  were  developed and utilized, to allow manufac- 
tu re  of the basic probe configuration. Probes  having 
diameters  f rom 0. 013 to  0.028 inch were fabricated. 
All probes were self aspirated,  and several  dif- 
ferent junction configurations were utilized. 
couple wire  diameters ranged f rom 0.0015 to 0.0005 
inch. 
Thermo 
3 )  Representative models of these probe shapes were 
calibrated in  the free- je t  wind tunnel facility at  the 
Applied Science Division and the enclosed-jet facility 
a t  the University of Minnesota Aero-Hypersonic 
Laboratory. The stagnation temperature  was varied 
f rom 100°F to 1100"F, and stagnation pressures  
varied f rom ambient to 500 psig. 
tested at subsonic velocities and at Mach I ,  3 and 5. 
The probes were 
4) Pre l iminary  response time measurements  were pe r -  
formed which indicate that the probes have time 
constants of the order  of 0. 1 second. 
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VI. SUGGESTIONS FOR FUTURE STUDIES 
On the basis  of the tes ts  car r ied  out under this contract ,  the 
following recommendations for  future probe fabrication and calibration 
studies a r e  presented: 
Improved radiation shielding should be devised to 
reduce the radiation e r r o r ,  
with a radiation shield made of meta l  having high 
reflectivity, such as gold or  platinum, We believe 
that it is possible to make a double-shielded probe 
having a n  outside diameter of l e s s  than 1/32 inch. 
This can be accomplished 
Improved thermocouple junction configurations should 
be studied to  reduce conduction e r r o r s .  This would 
include variations in  shape, placement of the junction 
with respect  to the probe body, ventilating openings, 
and probe inlet. 
Studies of the effects of variation of vent-area to  
inlet-area ratio should be ca r r i ed  out. 
As the major goal of this program was to develop an  
extremely sma l l  probe, with small size being more  
important than the attainment of high recovery 
factors  , the precision in measurements  that would 
normally be exercised in a probe calibration study 
were not considered appropriate. We suggest that 
fur ther  studies should be made using slightly smaller  
nozzle exit diameters .  This will allow a more ca re -  
ful control of the total temperature and f r ees t r eam 
Reynolds numbers 
The utilization of more  accurate temperature  read-out 
devices,  such a s  manual balancing potentiometers, 
would then be feasible. 
keeping them at constant values, 
Fu r the r  study of the factors causing the drop in the 
calibration curve should also be ca r r i ed  out. If this 
behavior were caused by slip flow effects, one would 
expect that the smallest  probe s izes  would show a 
more  pronounced dip. However, this was not proven 
to be the case ,  since the large probe configuration had 
a more  pronounced drop at the higher Reynolds num- 
bers .  Other possibilities should be considered. 
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